Chronic ethanol feeding selectively impairs the translocation of cytosol GSH into the mitochondrial matrix. Since ethanol-induced liver cell injury is preferentially localized in the centrilobular area, we examined the hepatic acinar distribution of mitochondrial GSH transport in ethanol-fed rats. Enriched periportal (PP) and perivenous (PV) hepatocytes from pair-and ethanol-fed rats were prepared as well as mitochondria from these cells. The mitochondrial pool size of GSH was decreased in both PP and PV cells from ethanol-fed rats either as expressed per 106 cells or per microliter of mitochondrial matrix volume. The rate of reaccumulation of mitochondrial GSH and the linear relationship of mitochondrial to cytosol GSH from ethanol-fed mitochondria were lower for both PP and PV cells, effects observed more prominently in the PV cells. Mitochondrial functional integrity was lower in both PP and PV ethanol-fed rats, which was associated with decreased cellular ATP levels and mitochondrial membrane potential, effects which were greater in the PV cells. Mitochondrial GSH depletion by ethanol feeding preceded the onset of functional changes in mitochondria, suggesting that mitochondrial GSH is critical in maintaining a functionally competent organelle and that the greater depletion of mitochondrial GSH by ethanol feeding in PV cells could contribute to the pathogenesis of alcoholic liver disease. (J. Clin. Invest. 1994. 94:193-201.)
Introduction
GSH, the most abundant nonprotein thiol in cells, participates in multiple cell functions. As a substrate of GST and GSHperoxidase, GSH constitutes one of the most important lines of cellular defense in the protection and metabolism of xenobiotics and reactive oxygen species (1) (2) (3) (4) (5) . The bulk of GSH (80-90%) is found in cytosol, where it is exclusively synthesized in twostep reactions, and in mitochondria (10-15%), which is derived from the existence of a mitochondrial transporter that translocates GSH from cytosol into the mitochondrial matrix (6) (7) (8) .
The exact mechanism of this transport system is presently unknown, although recent studies from different groups have suggested that either GSH diffuses into mitochondria through a channel (9) , is transported by a primary active, high affinity transport system (7), or is the subject of a rapid exchange between cytosol and mitochondria with a t112 of 18 min (8) . The role of GSH in the mitochondria is believed to be critical in the maintenance of vital mitochondrial and cellular functions through the metabolism of reactive oxygen derivatives generated within the mitochondria in the electron transport chain and through the regulation of mitochondrial inner membrane permeability by maintaining Ca2' homeostasis (10) (11) (12) (13) (14) (15) . In addition, since mitochondria do not contain catalase, the only exception being heart mitochondria, the GSH redox system is the only defense to metabolize reactive oxygen metabolites (H202) produced endogenously in aerobic cells (16, 17) . Thus, it has been shown in several cell types and organs that depletion of mitochondrial GSH results in cell injury and death, which is prevented by the selective increase of the mitochondrial pool of GSH (8, 10, 11) .
Previous studies using the Lieber-DeCarli model in wellnourished rats have shown that chronic ethanol feeding substantially decreases the mitochondrial pool of GSH either in isolated hepatocytes or in vivo as a result of an impaired transport activity of GSH from cytosol into the mitochondrial matrix (8, 18, 19) . The lower mitochondrial GSH found in alcoholic cells increases their susceptibility to the lethal effects of oxidants, which is corrected by increasing the content of GSH using GSHmonoethyl ester (8) . Recently, using an experimental model of alcohol-induced fibrosis and necrosis by intragastric alcohol infusion, we have shown that ethanol selectively and progressively decreases the mitochondrial pool of GSH, preceding the onset and progression of liver disease associated with mitochondrial lipid peroxidation and increased serum alanine aminotransferase levels (20) .
There is a great deal of evidence pointing to the toxic effects of ethanol on mitochondria, manifested as functional and ultrastructural changes, observed in ethanol-fed rats and alcoholic patients. However, there are no data regarding the zonal effects of ethanol on mitochondria functionality along the liver acinus (21) (22) (23) (24) (25) . Since ethanol causes preferential necrosis and fibrosis in the centrilobular zone of the liver (26) , the purpose of this study was to examine the hepatic acinar distribution of mitochondrial GSH in control and ethanol-fed rats and the relationship of changes to mitochondria functionality. The goals are to better define both the effects of ethanol on the hepatic GSH defense and the significance of such changes in contributing to liver dysfunction and alcoholic liver disease. Male Sprague-Dawley rats weighing 150-170 g were pair fed the original Lieber-DeCarli liquid diet (27) (PanLab, Barcelona, Spain) as described previously (18, 19) . In the ethanol-fed liquid diet, the caloric contribution of protein, lipids, carbohydrates, and ethanol was 18, 35, 11, and 36% of calories, respectively. The pair-fed group received an isocaloric mixture with maltose dextrin substituted for ethanol (18, 19) . For a more detailed description of the composition of the liquid diet see reference 27. Animals were pair fed for up to 4 wk unless otherwise stated.
Isolation ofperiportal (PP) and perivenous (PV) hepatocytes. Hepatocytes selectively enriched in either population of cells were obtained based on the digitonin/collagenase perfusion technique with certain modifications as detailed below (28) . The livers of anesthesized pairand ethanol-fed rats were initially perfused in situ with Hanks' buffer at a flow rate of 20 ml/min. For zone-specific cell destruction, digitonin (2.5 mM prepared in boiled Hanks' buffer) was infused for 10-15 or 30-40 s in the prograde or retrograde direction to prepare PV and PP hepatocytes, respectively. Immediately after the infusion of digitonin, Hanks' buffer was infused through the opposite cannula for 2-3 min. This was followed by a collagenase perfusion with Hanks' buffer supplemented with 2.5 mM CaCl2 and collagenase (30-35 mg/150 ml) according to Moldeus (29) and handled as described previously (8, 18, 19) . Initial viability ascertained by trypan blue exclusion (0.2%) was 95 ±3% and was similar for PP or PV cells from pair-or ethanol-fed rats. Enrichment of cell populations was determined by enzyme activities of zone-specific markers such as succinic and lactate dehydrogenases (SDH and LDH, respectively) for the periportal region and glutamine synthetase (GS) for the perivenous region (28, 30, 31) .
Incubation andfractionation ofPP and PV cells. Cells were manipulated to achieve a range of cellular GSH concentrations as described previously (8, 18, 19) . To decrease cell GSH levels below the physiological range, cells were incubated with moderate doses of DEM (25-100 jiM) in Krebs-Henseleit buffer for 15 min followed by extensive (three to four times) washings with buffer. Additionally, to increase cell GSH levels above physiological values and to examine the time-dependent accumulation of newly synthesized GSH and transport of cytosol GSH into mitochondria, cells were incubated in modified Fisher's medium with 1 mM methionine as GSH precursor for up to 3 h under 95% 02 and 5% CO2. At every time point, an aliquot of cells was taken, and cells were fractionated into cytosol and particulate fraction by selectively permeabilizing the plasma membrane with digitonin and subsequent centrifugation through oil layer as described previously (8, 18, 19) . Parallel aliquots were taken for fractionation of cells, except that the bottom of the oil layer contained 40% glycerol instead of 10% TCA to examine the enzymatic content of SDH and LDH to follow the fractionation and cross-contamination as described previously (8, 18) . Aliquots of the soluble and particulate fraction were kept for determination of GSH, ATP, and enzyme markers as described below.
Mitochondrial isolation andfunctional integrity. PP and PV zones were isolated by centrifugation through a discontinuous Percoll gradient (19, 33, 41 , and 52%) as described previously (8, 32) . (10 ,ul) of stock ethanolic solutions of oligomycin and m-CCCP, at final concentrations of 13 dig/ml and 13 ksM, respectively, were added to the reaction vessel. The rate of oxygen consumption of energized mitochondria in the presence of ADP over the absence of ADP is defined as the acceptor control ratio (ACR) (state 3/state 4 respiration). Maximal electron transport rate was determined in the presence of the uncoupler, m-CCCP. The ratio of oxygen consumed in the presence of uncoupler/ oligomycin is defined as the uncoupler control ratio (UCR). Both ACR and UCR are indicators of mitochondrial integrity: the higher the value, the greater the coupling of oxidative phosphorylation. In some instances, to determine oxygen consumption by selective electron donation to cytochrome c, TMPD (0.2 mM, plus ascorbate 1 mM) was used as an artificial electron donor after inhibition of electron flow from complex III to cytochrome c with antimycin A (5 gM).
Maximal synthetic capacity of GSH. The maximal capacity of cells to synthesize GSH was determined in a cell-free system using a GSHspecific fluorescent probe, monochlorobimane, using cysteine as the GSH precursor as described in detail previously (33). Cytosol from PV or PP cells was dialyzed overnight at 4°C to deplete GSH to minimize the feedback inhibitory effect of GSH on the y-glutamylcysteine synthetase. The synthetic rate of GSH was determined as the net rate of fluorescence increase over time after subtracting the BSO-inhibitable fluorescence signal (33).
Determination of mitochondrial matrix volume and membrane potential. Mitochondria from PP or PV region of rat liver were incubated at 3 mg/ml in a medium consisting of 120 mM KCl, 5 mM Hepes-KOH, pH 7.0, 5 mM succinate (potassium salt), 1 mM EGTA, 5 tM rotenone, nigericin (100 pmol/mg mitochondrial protein), 1 j1M bromide salt (TPP), and 3H20 (1.0 jLCi/ml) to determine matrix volume after Results are the mean±SD of n = 4 cell preparations from pair-and ethanol-fed rats. * P < 0.05 vs PP cells from ethanol-fed rats; § P < 0.05 vs PV cells from pair-fed rats; and * P < 0.05 vs PP cells from pair-fed rats. Comparisons were done by ANOVA.
Assays. GSH was determined by either the recycling method (35) or by HPLC as described previously in detail (8, 36) . ATP levels were determined by HPLC using a reverse-phase column according to the method of Jones (37) . LDH was determined by a commercial kit (Sigma Chemical Co.), and SDH was determined according to the method of Hatefi (38) . GS was measured as described (39) . Cell volume and diameter of pair-and ethanol-fed PP and PV hepatocytes were determined as the 3H20 volume after subtraction of trapping (['4C]inulin) and by particle counting (Channelyzer; Coulter Corp., Hialeah, FL), respectively, as described previously (8, 40) . Alcohol dehydrogenase was determined spectrophotometrically in 3 ml of 0.1 M glycine buffer, pH 10.0, containing 2.4 mM NAD+ and 33 mM ethanol. Low Km acetaldehyde dehydrogenase was assayed in 3 ml of 0.1 M sodium pyrophosphate, pH 9.5, containing 2.4 mM NAD+, 25 ,uM acetaldehyde, and 0.15 mM 4-methylpyrazole. Statistical analyses for multiple comparisons of the mean between groups and between cell populations were made by oneway ANOVA followed by Fisher's test.
Results
Separation and features of PP and PV cells from pair-and ethanol-fed rats. Selective destruction of zonal hepatocytes by digitonin, determined by the direction of infusion, detergent concentration, and time of exposure, has been used to prepare highly enriched PP and PV hepatocytes after lysing PV and PP cell populations, respectively. To monitor the degree of selective destruction and lack of cross-contamination of the zonally enriched hepatocytes, we have determined the activities of enzymatic markers of either zone. As shown in Table I , the activities of LDH and SDH, enzymes predominantly present in the periportal area (26, 29, 30) , were higher in PP hepatocytes than in PV cells, so that the PP/PV ratio was > 1. However, the activity of GS, which is found exclusively in cells next to the hepatic vein, was higher in PV than in PP cells, with a PP/PV ratio < 0.02. Furthermore, when the same protocol was applied to ethanol-fed rats, similar marker activities for zonal hepatocytes were found compared with pair-fed rats, indicating qualitatively similar enrichment of PP and PV cells from pair-and ethanolfed rats. The initial viability of either type of cell was at least 90% as estimated by trypan blue exclusion and did not differ between pair-and ethanol-fed rats (not shown). Since ethanol feeding results in enlargement of cells due to retention of water and proteins (19), we determined if there was a zonal preference in the ethanol-induced enlargement of PP and PV cells. In pairfed cells, PV hepatocytes contained slightly greater cell water content than PP cells (by 15%). Ethanol feeding resulted in a significant enlargement of both PP and PV cells (Table I ). Determination of cell diameter by particle counting (Channelyzer; Coulter Corp.) resulted in qualitatively similar zonal cellular increases by ethanol feeding compared with pair-fed cells (data not shown). Table II shows the aldehyde dehydrogenase activity in PP and PV cells from pair-and ethanol-fed rats. The PV cells displayed a lower activity compared with PP cells from pairfed rats. In ethanol-fed cases, activity was lowered in both PP and PV cells.
Basal cytosol and mitochondrial GSH status and transport of GSH from cytosol into mitochondria in PP and PV cells. To determine the GSH content in cytosol and mitochondrial fractions, PP and PV cells were fractionated by exposure to digitonin followed by centrifugation through Percoll gradient as described previously (18, 19) . Determination of LDH and SDH activities in both compartments indicated an optimal fractionation of PP and PV cells into cytosol and mitochondria, with similar results for PP and PV cells from ethanol-fed rats (not shown). As shown in Fig. 1 , cytosol GSH content in PP and PV pair-fed cells expressed per number of cells was not significantly different and was unchanged by chronic ethanol feeding (Fig. 1 A) . Since ethanol feeding increases the cell water content in both acinar zones ( Table I ) and assuming that the cytosol water is increased to the same proportion as the cell water increment, correcting the cytosol GSH content by microliter of cell water resulted in a significant decrease in cytosol GSH concentration in ethanol-fed PV cells (Fig. 1 B) . The content of GSH in mitochondria from pair-fed cells was distributed evenly between PV and PP cells (Fig. 1 C) . In contrast, hepatocytes from pair-and ethanol-fed rats were isolated as described in Methods. Isolated hepatocytes were then fractionated by exposure to digitonin and subsequent centrifugation through a discontinuous Percoll gradient to isolate a cytosol (A and B) (density, 1.04-1.05 g/ ml) and a mitochondrial (C and D) (density, 1.85-1.95 g/ml) fraction, and their GSH content was determined by the Tietze method (35). (Fig. 1 D) . To discern if the lower cytosol GSH concentration in PV ethanol-fed cells was because of an impairment in the synthesis of GSH, we determined the repletion rate of cytosol GSH using methionine (1 mM) as GSH substrate. As shown in Fig. 2 A, the increase over time of cytosol GSH was similar in PP and PV cells from pair-and ethanol-fed rats. To unequivocally determine the inherent capacity of the acinar cells to synthesize GSH and to estimate the effect by ethanol feeding, we examined the synthetic capacity of GSH in a GSH-depleted cell-free system where the cofactors and substrates (cysteine in addition to glycine and glutamate) needed for GSH synthesis were provided without limitation. No difference in the maximal GSH synthetic rate between PP and PV cells from pair-or ethanol-fed cells was observed (Fig. 3) . Similar results were obtained when GSH synthesis was monitored using -y-glutamylcysteine as substrate (not shown). Thus, these results indicate that the -y-glutamylcysteine synthetase and GSH synthetase operated similarly for either zone area and that ethanol feeding did not impair the GSH synthetic capacity. We assume that the lower GSH concentration in PV cells from ethanol-fed rats simply reflects the effect of cell swelling on the steady state balance between precursor concentration, enzyme concentration, and enzyme inhibition by the GSH concentration.
Since mitochondrial GSH is derived from cytosol by a transport system, we determined the rate of accumulation by mitochondria of newly synthesized cytosol GSH. Fig. 2 Representative oxygen electrode tracings showing oxygen uptake rates from PP and PV mitochondria. Mitochondria were prepared from PP and PV hepatocytes from pair-and ethanol-fed (Etoh-fed) rats by a discontinuous Percoll gradient centrifugation after selective rupturing of the plasma membrane by homogenization or incubation with digitonin. Mitochondria were added to the respiration medium on an Oxygraph as described in Methods to record oxygen uptake in the presence of succinate (17 mM), ADP (0.7 mM), oligomycin (13 jig/ ml), and m-CCCP (13 juM). Qualitatively similar oxygen uptake profiles were obtained when mitochondria were energized with glutamate and malate (5 mM each). The ratio of oxygen consumed in the presence of ADP over the absence of ADP is defined as the ACR, and the UCR is the ratio of oxygen consumed in the presence of the uncoupler over that of oligomycin.
for PP and PV cells. In contrast, the slopes of the relationship of mitochondrial to cytosol GSH from ethanol-fed mitochondria were significantly lower for both PP and PV compared with pair-fed cells by 35 and 70%, respectively. Again, the PV ethanol cells exhibited significantly lower slope versus ethanol PP cells.
Mitochondrial GSH andfunctional integrity from pair-and ethanol-fed rats. Larger quantities of mitochondria were prepared by centrifugation of lysed PP and PV cells in Percoll density gradient (8) . SDH enrichment in the final mitochondrial PP and PV preparation ranged from four to five times relative to the homogenate and was comparable between pair-and ethanol-fed preparations (data not shown). Energized PP and PV mitochondria using succinate as oxidizable substrate were used to determine the oxygen consumption at different states; representative tracings are shown in Fig. 5 (Table IV) . In addition, there was a decrease in the mitochondrial membrane potential with depolarization more predominantly seen in the PV area (Table IV) . Relationship ofmitochondrial GSH depletion andfunctional integrity with duration of ethanol feeding. As shown on Table V with increased duration of ethanol feeding from 1 to 4 wk, a progressive depletion of mitochondrial GSH and impairment of functional integrity were observed. As early as 1 wk of ethanol feeding, PV mitochondria exhibited a 27% decrease in GSH pool size without a change in UCR values. Longer exposure to ethanol resulted in a further decline in mitochondrial GSH and the appearance of functional alterations of mitochondria in PV hepatocytes. Changes in mitochondria from PP ethanol-fed cells lagged behind those of PV cells and were significantly less severe. As with PV cells, a significant decrease in mitochondrial GSH preceded the decrease in UCR value. Fig. 6 (41) . It is important to stress that this modest decrease in cytosol GSH cannot account for the degree of depletion of mitochondrial GSH (see Fig. 4 ). Basal levels of mitochondrial GSH from pair-fed cells show a modest trend for lower values in PV cells, which did not reach statistical significance. However, our data on the time-dependent accumulation of mitochondrial GSH and the relationship of mitochondrial to cytosol GSH showed similar results for PP and PV mitochondria from pairfed cells. In the pair-fed case, the only instance where there was a significant difference in mitochondrial GSH in PP versus PV cells was when content of GSH was expressed as absolute concentration, which probably reflects the slightly larger mito- 
Mitochondria from zonal-enriched cells were prepared from pair-and ethanol-fed rats for the period indicated to determine GSH content and UCR values. The numbers in parentheses indicate the percentage of control values. Results are the mean+SD of n = 4 preparations. * P < 0.05 vs pair-fed by ANOVA. (16) . GSH, as a substrate for the glutathione peroxidase, detoxifies most mitochondrial H202 under normal conditions because of its abundance and low Km of GSH peroxidase for H202 and because, with the exception of heart, catalase is not found in mitochondria (16, 17) . Therefore, elevated mitochondrial H202 due to mitochondrial GSH depletion could result in inactivation of respiratory chain carriers and other mitochondrial enzymes and in uncoupling of respiration (42, 43). Furthermore, examination of the influence of duration of ethanol exposure on these parameters indicates that the fall in mitochondrial GSH precedes the onset of changes in mitochondrial function, consistent with the fall in mitochondrial GSH contributing to the development of impaired oxidative phosphorylation. The molecular basis for impaired transport of GSH from cytosol to mitochondria as a consequence of ethanol exposure is at present unknown. The existence of inherent differences in the metabolism of ethanol within the liver acinus could account for the predominant impairment of the transport of GSH into the PV mitochondria. Acetaldehyde, the first by-product of the oxidative metabolism of ethanol, is a very toxic metabolite whose metabolism occurs exclusively in the mitochondria by the low Km acetaldehyde dehydrogenase. We have found a lower enzymatic activity in control PV compared with PP cells, in agreement with a previously published work (30) , which was decreased in both cells after ethanol feeding; thus, this would establish a gradient of acetaldehyde within the liver acinus that is more concentrated in the PV area. In this regard, it has been shown recently that ethanol in vitro inhibits the expression and transport of aldehyde dehydrogenase into liver mitochondria (44 
